Quantum-confined positrons are sensitive probes for determining the electronic structure of nanoclusters embedded in materials. In this work, a depth-selective positron annihilation 2D-ACAR ͑two-dimensional angular correlation of annihilation radiation͒ method is used to determine the electronic structure of Li nanoclusters formed by implantation of 10 16 -cm Ϫ2 30-keV 6 Li ions in MgO ͑100͒ and ͑110͒ crystals and by subsequent annealing at 950 K. Owing to the difference between the positron affinities of lithium and MgO, the Li nanoclusters act as quantum dots for positrons. 2D-ACAR distributions for different projections reveal a semicoherent fitting of the embedded metallic Li nanoclusters to the host MgO lattice. Ab initio KorringaKohn-Rostoker calculations of the momentum density show that the anisotropies of the experimental distributions are consistent with an fcc crystal structure of the Li nanoclusters. The observed reduction of the width of the experimental 2D-ACAR distribution is attributed to positron trapping in vacancies associated with Li clusters. This work proposes a method for studying the electronic structure of metallic quantum dots embedded in an insulating material.
I. INTRODUCTION
In view of the current interest in properties of quantum dots, the study of metallic and semiconductor nanoclusters in materials has grown considerably in recent years. [1] [2] [3] Owing to their linear and nonlinear optical properties, metallic and semiconductor nanoclusters are of great importance for the field of optoelectronics. 4, 5 Nanoclusters embedded in inert matrices are usually produced by ion implantation and subsequent annealing. 6, 7 Their size can be influenced by the selection of the type of matrix, the ion implantation fluence and energy, and the time and temperature of the annealing stage. Consequently, one can modify the electronic and optical properties of the matrix in which the nanoclusters are embedded.
The structural properties of nanoclusters are usually characterized by high-resolution x-ray diffraction ͑XRD͒ and cross-sectional transmission electron microscopy ͑XTEM͒, 8, 9 while for a determination of the nanocluster size, optical absorption spectroscopy can also be used. 10, 11 However, XTEM requires destruction of the sample while specimen preparation is time consuming. Furthermore, small nanoclusters and nanoclusters of light elements cannot be easily detected with XRD and XTEM techniques. Positrons (e ϩ ) are known to be nondestructive probes of low atomic density regions ͑e.g., vacancies, vacancy clusters, microcavities͒ in materials over a wide range of depths, from the surface to depths of hundreds of nanometers. 12 Under favorable conditions of positron affinity, e.g., when the positron affinity of the nanocluster material is lower than that of the host material, positrons can be confined in a nanocluster and upon annihilation provide unique information on the electronic properties of that nanocluster. [13] [14] [15] [16] Therefore, depth-selective positronannihilation spectroscopies are promising techniques for the characterization of nanoclusters produced by ion implantation. Two-dimensional angular correlation of annihilation radiation ͑2D-ACAR͒, which measures the angular deviation from collinearity of the coincident photons, offers the advantage of mapping the momentum distribution of the electrons in two dimensions with a high resolution. 17 Therefore, 2D-ACAR yields information regarding the electronic structure of the nanoclusters. One can use either a conventional 22 Na e ϩ source for bulk studies or a variable energy slow e ϩ beam for depth-resolved experiments. However, because of count rate limitations, application of the 2D-ACAR method to depth profiling studies had to wait for the development of high-intensity beams of slow positrons. Nowadays, several high-intensity beams are either operational or under construction. 18 At the Positron Center Delft, a 2D-ACAR setup coupled to the intense (8ϫ10 7 e ϩ /s) monochromatic slow e ϩ beam POSH ͑pOSitrons from the HOR reactor͒ is used for depth-selective 2D-ACAR studies on ion implanted and layered materials. [19] [20] [21] In the present paper, Li nanoclusters embedded in monocrystalline MgO are studied by depth-resolved positron annihilation 2D-ACAR spectroscopy. The paper is organized as follows. In Sec. II we give details of the Korringa-KohnRostoker ͑KKR͒ momentum density calculations for fcc and bcc Li and for MgO. Section III describes the experimental procedures, while in Sec. IV the results obtained with the 2D-ACAR technique are presented and analyzed in order to extract the orientation relationship of the Li nanoclusters embedded in MgO. To this end three different projections of the 2␥ momentum density are considered in order to characterize better the electronic structure of the Li nanoclusters: two for Li implanted MgO͑110͒ and one for Li implanted MgO͑100͒. The results are discussed in Sec. V. Section VI summarizes the conclusions of this work.
II. COMPUTATIONAL DETAILS
The electronic structures of MgO and of bcc and fcc Li were computed using the all-electron self-consistent KKR method. [22] [23] [24] [25] [26] [27] The crystal potentials possess the muffin-tin form and are based on the von Barth-Hedin local-density approximation to the exchange-correlation functional. 28 The band structures were solved to a high degree of selfconsistency; the bands, Fermi energy, and crystal potential were converged to better than 0.1 mRy. The lattice parameters were 4.212 ͑MgO͒, 3.51 ͑bcc Li͒, and 4.40 Å ͑fcc Li͒, respectively. The positron potential consists of the Hartree term with a minus sign and a positron-electron correlation term given by Boroński and Nieminen. 29 The 2␥ momentum density 2␥ (pϭkϩG), given by
͑2.1͒
was also evaluated with the aid of the KKR method according to Ref. 30 . Here, j (r) and ϩ (r) are the electron and positron wave functions, and ͱ␥(r) is the enhancement function, which takes into account the formation of a cloud of electrons around the positron owing to electron-positron correlation effects. 29, 31 The summation runs over all occupied states j. The bands and eigenfunctions are computed at 819 ͑bcc Li͒ and 489 ͑MgO and fcc Li͒ k points in the irreducible 1/48th part of the Brillouin zone. The KKR valence electron wave functions and the positron wave function ͑the latter at k ϩ ϭ0) are then transformed into plane-wave representations which are convoluted with one another, using 981 ͑MgO and fcc Li͒ or 959 ͑bcc Li͒ plane waves for the positron wave function. At every k point the momentum density is computed for 1007 ͑981͒ G's for the bcc ͑fcc͒ structure. In this manner 2␥ (p) was obtained in a sphere of radius 7.85 a.u. ͑MgO͒, 7.93 a.u. ͑bcc Li͒, or 7.52 a.u. ͑fcc Li͒ in p space. The various 2D-ACAR distributions N(p x ,p y ) ϭ͐dp z 2␥ (p) were obtained by projection onto the desired plane.
III. EXPERIMENT
In this work 10ϫ10ϫ1 mm 3 epipolished single crystals of MgO͑100͒ and MgO͑110͒ implanted with (1 ϫ10 16 )-cm Ϫ2 30-keV 6 Li ions and postannealed to 950 K for 30 min were used for the depth-selective positron experiments. The depth-selective 2D-ACAR measurements were carried out using an Anger-camera-type setup coupled with POSH, the high-intensity monoenergetic positron beam with a flux of 8ϫ10 7 e ϩ /s. The slow positrons produced by pair production in a 2MW reactor core are trapped by means of a system of a few electrostatic lenses and magnetically ͑ϳ0.01 T͒ guided in vacuum (ϳ10 Ϫ8 mbars) over a distance of ϳ25 m with a system of long solenoids and Helmholtz coils. 19 Positrons produced at 1.5 keV are accelerated up to about 20 keV in an accelerator stage, positioned ϳ1 m before the target and consisting of 11 electrostatic lenses. Positron implantation energies lower than 1.5 keV can also be used, but at the expense of a substantial loss of intensity due to the conversion of forward momentum into angular momentum. 32 The beam is focused to a ϳ3.5-mm-diameter spot at the ACAR target by a 1.37-T NdFeB magnet placed behind the sample. 32 The Anger cameras, used to detect the 511-keV ␥ radiation stemming from the annihilation of positrons in the sample, consist of 41.8-cm-diameter 1.25-cmthick NaI crystal scintillators, optically coupled to a closepacked honeycomb array of 61 photomultipliers. A detectordetector distance of ϳ23 m provides an angular view of ϳ51ϫ51 mrad 2 ͑1 mrad is equivalent to 0.137 momentum a.u.͒ in a 256ϫ256 pixel matrix. A coordinate system (p x ,p y ,p z ) is defined with p z along the line connecting the cameras and p y along the positron beam, while p x lies in the plane of the sample which is mounted perpendicular to p y . The estimated overall experimental resolution is 1.4 ϫ1.1 mrad 2 full width at half maximum ͑FWHM͒ for the p x and p y directions, respectively. In order to make the resolution the same for both directions we convolute the measured distributions with a Gaussian along the p y direction. For the MgO͑100͒ single crystal the integration axis p z is along the ͓010͔ direction, while the p x and p y directions are parallel to ͓001͔ and ͓100͔, respectively. For the MgO͑110͒ single crystal, p z is along ͓110͔, while p x and p y are parallel to ͓001͔ and ͓110͔, respectively. In order to perform measurements for the ͑111͒ projection, the MgO͑110͒ single crystal is rotated by 35°around the ͓110͔ direction ͑see Fig. 1͒ . Hence, p z is then along ͓111͔, while p x and p y are parallel to ͓112͔ and ͓110͔.
In view of the insulating properties of MgO, a 15-nmthick layer of Al was deposited on the sample surface and electrically connected to the sample holder to prevent a buildup of electric charge. In order to select the optimum positron implantation energies for use in the 2D-ACAR experiments the MgO sample was analyzed with Doppler broadening positron beam analysis using both POSH and VEP ͑a 22 Na based slow positron beam͒. A 2D-ACAR distribution containing 10.4ϫ10 6 events was collected at a positron implantation energy of 4 keV, which corresponds to a mean positron implantation depth coinciding with the center of the Li nanocluster layer, MgO͑100͒:Li. Additionally, 2D-ACAR spectra were collected at 7.5 keV and 11.5 keV, containing 11.5ϫ10 6 and 3.9ϫ10 6 counts, respectively. For comparison, a 2D-ACAR distribution ͑containing 64.1ϫ10 6 counts͒ was measured with a conventional 22 Na source on an as received sample of MgO͑100͒ in order to obtain the MgO bulk contribution. For the MgO͑110͒ single crystal two measurements ͑containing 16.9ϫ10 6 and 15.2ϫ10 6 counts͒ were performed at a positron implantation energy of 4 keV, corresponding to ͑110͒ and ͑111͒ projections of the momentum density of the annihilation photons, respectively. For comparison, bulk 2D-ACAR spectra ͑containing 14.7ϫ10 6 and 18.4ϫ10 6 counts, respectively͒ were measured for the same orientations with the conventional 22 Na source. To improve statistics all measured spectra were symmetrized by reflection in the p x ϭ0 and p y ϭ0 mirror planes.
IV. RESULTS
After implantation of monoenergetic 6 Li ions in the crystalline MgO matrix and subsequent annealing at 950 K, a layer of Li nanoclusters is formed below the surface. 15 Figure 2 shows the S parameter 12 ͑corresponding to positrons annihilating mostly with valence electrons͒ versus the positron implantation energy for Li implanted MgO͑100͒ and MgO͑110͒, as obtained from Doppler broadening of annihilation radiation ͑DBAR͒ experiments using the VEP and POSH beams. The measured S parameter exhibits two peaks: a sharp peak ͑1͒ around 0.5 keV corresponding to the 15-nmthick Al top layer which contains many defects, and a broader one ͑2͒ with a maximum around 4 keV, which corresponds to the lithium ion implantation range ͑about 100 nm͒ ͑see Fig. 2͒ . A detailed analysis by means of the fitting code 33 VEPFIT has shown that the S parameter curves depicted in Fig. 2 can be fitted very well with a model consisting of five layers: 15 an Al top layer, an intermediate MgO layer, a
Li implantation layer ͑MgO:Li͒, a layer with the Li implantation tail, and the MgO bulk. This model is consistent with the earlier defect analysis of ion implanted MgO materials that were analyzed with transmission electron microscopy, positron-anihilation spectroscopy, and neutron depth profiling. 10, 34, 35 In order to obtain more information on the Li implantation layer, three values of the positron implantation energy (E ϩ ) for the 2D-ACAR experiments were selected: 4 keV, 7.5 keV, and 11.5 keV. The energy corresponding to optimum implantation in the lithium layer ͑MgO:Li͒ is Ϸ4 keV if one uses the POSH beam, and about 3.5 keV if one uses the VEP beam. The additional energy of ϳ0.5 keV is necessary to make up for the transformation of forward momentum into rotational momentum when positrons travel in the nonuniform magnetic field generated by the strong NdFeB focusing magnet. 32 Figures 3͑a͒, 3͑b͒, and 3͑c͒ present the 2D-ACAR spectra for the Li implanted MgO͑100͒ sample corresponding to E ϩ ϭ4 keV, 7.5 keV, and 11.5 keV, respectively. For comparison, the bulk spectrum obtained with positrons from a 22 Na source on an as received MgO͑100͒ single crystal is presented in Fig. 3͑d͒ . It is clear that the 4-keV spectrum is much sharper than the bulk spectrum, consistent with the DBAR results, which show a strong increase of the S parameter in the Li implantation range. This increase is correlated with the formation of Li nanoclusters in MgO. 15 The 7.5-keV spectrum is still sharp compared to the bulk spectrum, thus showing that at 7.5 keV the contribution of the Li nanoclusters is significant. In the 11.5-keV spectrum this contribution, although weak, is still present, but the spectrum resembles more the bulk spectrum. Figures 4͑a͒, 4͑b͒, 4͑c͒, and 4͑d͒ show the anisotropy of the 2D-ACAR spectra for 4 keV, 7.5 keV, 11.5 keV, and bulk, respectively. The anisotropic part of each 2D-ACAR spectrum in Fig. 3 was determined by subtracting a radially smoothed isotropic distribution that remains everywhere within the measured spectrum. The anisotropy is therefore everywhere positive. One observes a large difference between the anisotropy of the 4-keV and the bulk distribution. In the 4-keV 2D-ACAR spectrum the bulk MgO͑100͒ anisotropy is still visible, but the main contribution consists of four prominent peaks positioned at a radius of 4.1 ϫ10 Ϫ3 m 0 c, i.e., near the Fermi radius of lithium. Here, m 0 is the electronic rest mass and c is the speed of light. Therefore, one can attribute the anisotropy in the center of Fig.  4͑a͒ to annihilations in the Li nanoclusters, and the fourfold symmetry of this anisotropy suggests that there is an orientation relationship between the Li nanoclusters and the MgO͑100͒ host matrix. In the anisotropy of the 7.5-keV spectrum, shown in Fig. 4͑b͒ , the four Li peaks are still present, but they are weaker compared to those found in the 4-keV spectrum. Furthermore, the MgO͑100͒ contribution is enhanced due to the fact that more positrons annihilate with the MgO͑100͒ host electrons. The anisotropy of the 11.5-keV spectrum in Fig. 4͑c͒ closely resembles the MgO͑100͒ bulk spectrum since most of the positrons are implanted in the bulk. The anisotropy of the 11.5-keV spectrum shows a larger contribution of bulk MgO͑100͒, while the peaks attributed to annihilations in Li have a lower intensity than those present in the 4-keV and 7.5-keV spectra. The MgO͑100͒ contributions to the 4-keV, 7.5-keV, and 11.5-keV 2D-ACAR distributions have been determined by subtracting the anisotropy of the bulk spectrum scaled down in order to fit the MgO͑100͒ features. In this manner one finds that in the 4-keV, 7.5-keV, and 11.5-keV distributions, 43%, 66%, and 84% of the annihilations, respectively, take place with the MgO͑100͒ electrons. Furthermore, it is shown in Fig. 5 that the bulk 2D-ACAR spectrum of MgO͑100͒ scaled down to these percentages provides ͑within Ϯ2%͒ a good fit to the high-momentum range of the 4-keV, 7.5-keV, and 11.5-keV spectra, respectively.
We have shown that the Li nanoclusters are coherent or semicoherent with the MgO͑100͒ host matrix since the anisotropic contributions displayed in Figs. 4͑a͒ and 4͑d͒ have the same symmetry and identical mirror planes. However, from the above observations alone it cannot be established whether the Li nanoclusters are in the bcc or fcc phase. Treilleux and Chassagne 8, 9 found by means of electron diffraction and cross-sectional transmission electron microscopy ͑XTEM͒ that, depending on the nanocluster size, metallic lithium can have either the normal bcc or the unusual fcc structure. Furthermore, these authors found the following orientation relationships of the Li nanoclusters in a MgO͑100͒ crystal.
͑1͒ Small Li nanoclusters ͑less than 15 nm͒ have the unusual fcc structure and are in simple epitaxy with the matrix: Li ͑100͒ ʈ MgO ͑100͒ and Li ͓100͔ ʈ MgO ͓100͔; ͑2͒ Large Li nanoclusters ͑larger than 35 nm͒ have a bcc structure which follows the orientation relationship: Li ͑110͒ ʈ MgO ͑111͒ and Li ͓111͔ ʈ MgO ͓011͔.
Comparing the experimental settings of the ion implantation and subsequent annealing performed for our samples 15 with those of other works ͑Refs. 8 and 9͒, the presence of fcc Li is most likely. We have checked this by calculating the electronic structure of fcc Li in the KKR formalism. How- ever, before discussing the results of these calculations and comparing them with experiment we show the anisotropy of the 2D-ACAR distributions for nonimplanted MgO as a reference. Figure 6 shows the measured and calculated anisotropy in the 2D-ACAR distributions corresponding to projections along the ͓010͔, ͓110͔, and ͓111͔ directions. There is a good agreement between experiment and theory with respect to the various structure elements in these distributions. The most important difference is found in the ͓111͔ projection where theory yields two rings of six peaks each, the peaks in the inner ring having a height of ϳ75% of those in the second ring. The measurement clearly shows the peaks of the second ring, but the first ring appears to be much weaker than expected, although careful examination of Fig. 6͑c͒ shows a set of weak peaks at the expected positions with a height ϳ40% of those of the second ring.
Having established nonimplanted MgO as our reference material, Fig. 7 now presents the anisotropy in the 2D-ACAR distributions of Li implanted MgO. The three rows correspond to projections along the ͓010͔, ͓110͔, and ͓111͔ directions. The first two columns show the results of the 4-keV measurements for Li implanted MgO͑100͒ before and after subtraction of the scaled distribution for bulk MgO͑100͒, while the third column shows the calculated anisotropy of fcc Li. Ϫ3 m 0 c. These features are attributed to MgO͑100͒ since they are present in the anisotropy of the bulk MgO͑100͒ spectrum shown in Fig. 6͑a͒ . By subtracting the bulk MgO͑100͒ contribution ͑43%͒ these features are completely removed ͓Fig. 7͑b͔͒. Figure 7͑c͒ shows the calculated anisotropy for fcc Li obtained by projecting the 3D-momentum density of Li onto the ͑100͒ plane.
36,37 Before subtracting the isotropic distribution, the calculated 2D-ACAR spectrum was convoluted with a two-dimensional Gaussian of 1.4ϫ1.4 (10 Ϫ3 m 0 c) 2 FWHM resembling the resolution function of the 2D-ACAR setup. The anisotropy of the calculated spectrum exhibits a fourfold symmetry, and the four prominent peaks in both the theoretical and experimental anisotropy coincide in position. These peaks are located at the projections of the positions where the Fermi surface ͑FS͒ touches the hexagonal faces of the first Brillouin zone. Figure 8 presents the band-structure calculation of fcc Li. The relevant feature is the energy difference between the Fermi energy and the energy of the L 1 state: E F ϪE L 1 ϭ1.2 mRy, equivalent to 16 meV, which implies that the FS displays small necks in the ͗111͘ directions. These necks have a diameter of 25% of those in Cu. 38 Because of the subtlety of this feature the potential for fcc Li was converged to better than 10 Ϫ6 Ry. The density of states and the Fermi level were calculated using a fine mesh of 67 626 ab initio k points in the irreducible 1/48th of the Brillouin zone. The four maxima in the anisotropy are strong since the eight necks of the FS above and below the ͑100͒ plane coincide in pairs in projection. In the ͑200͒ zones centered at (p x ,p y )ϭ(0,Ϯ11.5) ϫ10 Ϫ3 m 0 c and (Ϯ11.5,0)ϫ10 Ϫ3 m 0 c one discerns in the theoretical anisotropy presented in Fig. 7͑c͒ the weak ͑200͒ high-momentum components ͑HMC͒ due to umklapp annihilation. The HMC are not visible in the experimental anisotropy, presumably due to their low intensity ͑of the same order as the background in the 2D-ACAR experiments͒ and to the overlapping with MgO features.
To gain more insight into the structural properties of the Li nanoclusters, a Li implanted MgO͑110͒ sample has been studied with 2D-ACAR. For this sample, the S parameter shows the same trend as for the Li implanted MgO͑100͒ sample, with a sharp peak near the surface attributed to the Al top layer and a broader one with a maximum at 4 keV corresponding to the Li nanoclusters ͑see Fig. 2͒ . Figure 7͑d͒ presents the anisotropy of the 4-keV 2D-ACAR spectrum for FIG. 6 . Anisotropy in the 2D-ACAR distributions of MgO measured with fast positrons, corresponding to the projections along the ͑a͒ ͓010͔, ͑b͒ ͓110͔, and ͑c͒ ͓111͔ directions. Parts ͑d͒, ͑e͒, and ͑f͒ show the corresponding results of KKR theory. The contour interval is 10% ͑5%͒ of the peak height for solid ͑dotted͒ contours.
Li implanted MgO͑110͒. As in the case of the Li implanted MgO͑100͒ sample, one observes large differences with respect to the anisotropy of the bulk MgO͑110͒, shown in Figs. 6͑b͒ and 6͑e͒. The two peaks centered at (p x ,p y ) ϭ(Ϯ9.5,0)ϫ10 Ϫ3 m 0 c in Fig. 7͑d͒ can be attributed to annihilations with the MgO͑110͒ electrons since they are also observed in the bulk anisotropy shown in Figs. 6͑b͒ and 6͑e͒. Indeed, by subtracting the bulk MgO͑110͒ spectrum, scaled down to 43%, from the 4-keV spectrum, the two peaks along the p x direction are removed ͓see Fig. 7͑e͔͒ . Figure 7͑f͒ presents the calculated anisotropy of the theoretical fcc Li͑110͒ spectrum obtained by projecting the 3D-momentum density of Li onto the ͑110͒ plane. There is a good agreement between the relevant structure elements of the experimental and theoretical anisotropy shown in Figs. 7͑e͒ and 7͑f͒. The two strong peaks, centered at Ϯ3 ϫ10 Ϫ3 m 0 c along the p x direction, are due to the FS touching the hexagonal zone faces above and below the ͑110͒ plane. The four weaker peaks correspond to the highmomentum components in the ͑111͒ zones, particularly the necks, and are found in both the experimental and theoretical spectra. The necks in the experiment seem to be stronger than in the theory; this may be an effect of enhancement due to positron-electron correlation. 39 So far, the results for Li implanted MgO͑100͒ and MgO͑110͒ are consistent with Li nanoclusters which have the fcc structure. Additional proof has been obtained by measuring the 2D-ACAR spectrum of Li implanted MgO͑110͒ oriented with the ͓111͔ direction along the integration axis of the experiment (p z ). In this situation, the p x and p y axes are parallel to the ͓112͔ and ͓110͔ directions, respectively. Fig. 6͑c͒ obtained for the same sample using the 2D-ACAR setup with the fast e ϩ source, one can attribute the six prominent peaks to Li and the other 12 peaks to MgO. By subtracting the bulk MgO spectrum, which has been scaled down to 43%, the 12 peaks in the medium-and highmomentum ranges are removed as seen in Fig. 7͑h͒ . The bulk MgO fraction of 43% is also obtained by fitting the 4-keV spectrum with the bulk spectrum in the high-momentum range. Figure 7͑i͒ presents the calculated anisotropy of fcc Li͑111͒ after convolution of the theoretical spectrum with the resolution function of the 2D-ACAR setup. This anisotropy closely resembles the experimental anisotropy shown in Fig.  7͑h͒ , with small differences consisting of radially somewhat broader theoretical Li peaks that are shifted slightly toward higher momenta.
V. DISCUSSION
Our results show that the metallic Li nanoclusters formed in MgO are in simple epitaxy ͑cube-on-cube͒ with the crystalline host matrix. They are consistent with an fcc structure of the Li nanoclusters. In fact, this is expected if one compares our experimental settings for ion implantation with those of Refs. 8 and 9. However, a possible bcc structure of the Li nanoclusters has not yet been excluded. Therefore, we have also performed KKR calculations of the projections of the 3D-momentum density of bcc Li onto the ͑100͒, ͑110͒, and ͑111͒ planes. Figure 9͑a͒ presents the anisotropy of the calculated bcc Li͑100͒ distribution, convoluted with the experimental resolution. One observes the presence of four prominent peaks positioned at (p x , p y )ϭ(Ϯ4,Ϯ4) ϫ10 Ϫ3 m 0 c. Since the anisotropy of the calculated bcc Li͑100͒ distribution and the experimental anisotropy shown in Fig. 7͑b͒ are different, one can say that if Li nanoclusters with a bcc structure exist in the sample they are not oriented cube-on-cube with the MgO͑100͒ host matrix, in agreement with Refs. 8 and 9. One can also argue that a simple epitaxy of the fcc Li nanoclusters is most likely if one considers the lattice misfits of fcc ͑4.7%͒ and bcc ͑16.6%͒ Li nanoclusters with the MgO host matrix. A larger misfit between the lattice parameters of the nanoclusters and the host generates a higher surface energy, thereby reducing the probability of formation of these nanoclusters. However, it is clear that the anisotropy of bcc Li͑100͒ could be obtained from the anisotropy of fcc Li͑100͒ by a rotation by 45°͓see Fig.  10͑b͔͒ . Assuming the presence of bcc Li nanoclusters rotated by 45°"around the ͓001͔ axis, as depicted in Figs. 10͑b͒…, then nanoclusters oriented as in Fig. 10͑c͒ and 10͑d͒ should also be present. Figure 9͑d͒ shows the anisotropy of the theoretical spectrum obtained by summing the contributions corresponding to the three configurations presented in Figs. 10͑b-d͒. In this manner, the spectrum contains the bcc Li͑100͒ spectrum rotated over 45°, the bcc Li͑110͒ spectrum, and the bcc Li ͑110͒ rotated by 90°around the ͓001͔ axis. One observes a striking similarity with the experimental anisotropy shown in Fig. 7͑b͒ , and therefore, based only on the 2D-ACAR results, this hypothetical case cannot be excluded. However, the lattice parameter misfit in one of the interfaces is as high as 41%, as seen in Table I . Therefore, the surface energy of the bcc Li nanoclusters embedded in MgO would be significantly higher than in the case of the fcc Li nanoclusters, which are oriented cube-on-cube with the MgO host matrix. Therefore, this particular case can be excluded. Fur- thermore, this hypothetical orientation relationship for the bcc Li nanoclusters has not been observed by Treilleux and Chassagne. 8, 9 In order to completely exclude the hypothesis of the bcc Li nanoclusters, one has to examine the orientation relationship for large bcc Li nanoclusters Li ͑110͒ ʈ MgO ͑111͒ and Li ͓111͔ ʈ MgO ͓011͔, found in Ref. 8 , with the aid of KKR calculations. The authors of Ref. 8 have determined this orientation relationship by performing electron-diffraction experiments on a single precipitate. However, our positron beam has a diameter of about 3 mm FWHM. Therefore, in the presence of bcc Li nanoclusters, the experimental 2D-ACAR spectra should contain information from all bcc Li nanoclusters that are oriented according to the orientation relationship mentioned above or a symmetrically equivalent one. Thus, we want to determine the projection of the momentum distribution of the bcc Li nanoclusters, oriented with respect to the MgO host according to Ref. 8 , onto the ͑100͒, ͑110͒, and ͑111͒ planes and to compare the results with the experimental 2D-ACAR spectra. For every MgO ͑111͒ plane there are six different but crystallographically equivalent orientations of the Li ͑110͒ plane consistent with the orientation condition Li ͓111͔ ʈ MgO ͓011͔. Since there are four distinct MgO ͑111͒ planes, the final spectrum should contain the contributions of 24 different configurations. However, on closer examination one finds that the six configurations corresponding to one ͑111͒ plane are enough to describe the contribution to the spectrum of the bcc Li nanoclusters. The other 18 configurations corresponding to the remaining three planes can be obtained from the first six by symmetry operations, e.g., rotations around the direction of projection. Although we performed the projections for MgO ͑100͒, ͑110͒, and ͑111͒, we present only the results for the ͑110͒ case, which shows the largest difference between theory and experiment. Figure 11 shows the anisotropy of the calculated 2D-ACAR spectrum of bcc Li ͑110͒ obtained by summing all possible configurations corresponding to the orientation relationship Li ͑110͒ ʈ MgO ͑111͒ and Li ͓111͔ ʈ MgO ͓011͔. The spectrum has been convoluted with the experimental resolution function. The major difference between this anisotropy and the experimental one presented in 7͑e͒ consists in the existence of two strong peaks along the ͓110͔ direction in the bcc Li͑110͒ spectrum. Since these peaks do not appear in calculated fcc Li͑110͒ and 4-keV spectra, one can exclude the presence of bcc Li nanoclusters in our sample.
Thus, the Li nanoclusters formed in the studied MgO samples have the fcc structure. This is quite unusual since it is known that Li occurs in nature only as bcc, the fcc phase being only observed at low temperatures and high pressures. 40, 41 As mentioned before, the fcc crystal structure of Li has also been observed by Treilleux and Chassagne 8 for small Li nanoclusters ͑Ͻ15 nm͒. The physical mechanism which induces the small nanoclusters to adopt the fcc structure is not exactly known. For a better understanding of this behavior one should keep in mind that the Li nanoclusters are formed in the 6 Li implanted MgO single crystals by annealing up to 950 K followed by a cooling down to room temperature. Hence, during annealing the Li aggregates are formed in the liquid phase and upon cooling they crystallize and form the nanoclusters. Furthermore, it should be pointed out that for small Li nanoclusters the surface plays an important role since a considerable fraction of the Li atoms are located at the periphery of the nanocluster. 42 Therefore, the nanocluster will adopt that crystalline phase which minimizes the formation energy of the MgO/Li interface, in other words, one that fits better in the MgO matrix. Since the lattice parameter of fcc Li is closer to that of MgO, the fcc crystalline structure of small Li nanoclusters is more likely. A similar effect was reported in Ref. 13 where the crystal structure of Cu nanoclusters embedded in Fe is expected, on the basis of lattice-parameter similarity, to be bcc rather than fcc.
Another important aspect is the fraction of annihilations in the Li nanoclusters. Our results show that under conditions of optimum implantation in the MgO:Li layer (E ϩ ϭ4 keV), 43% of the total number of annihilations is attributed to MgO electrons. Owing to the broad implantation profile, this fraction includes annihilations from adjacent layers. VEPFIT fraction analysis of the Doppler broadening experiments shows that 63% of the 4-keV positrons annihilate in the MgO:Li layer and that 37% of the 4-keV positrons annihilate in MgO above or below this layer. Therefore, the fraction of positrons annihilating with the MgO electrons in the MgO:Li layer is only ͑43Ϫ37͒/63ϭ10%, while ϳ90% annihilates in lithium nanoclusters. This indicates a high efficiency of positron confinement in Li nanoclusters due to the different positron affinities of MgO and Li. 15 However, the question arises whether the remaining 57% of annihilations in the 4-keV spectrum can be attributed entirely to trapping in Li nanoclusters, or whether other phenomena ͓e.g., annihilation of positronium ͑Ps͒ atoms, annihilation of positrons at the MgO/Li interface, annihilation of positrons in Li vacancies͔ contribute to the distribution. Figure 12 compares the experimental distribution with the results of the KKR computation. The reason to compare the experimental spectrum of Li implanted MgO with the theoretical spectrum of fcc Li is based on the fact that Li is present in nature only as bcc and to our knowledge there are no available 2D-ACAR data on fcc Li. Figure 12͑a͒ shows the experimental spectrum after subtraction of the bulk MgO͑100͒ contribution ͑43%͒. Figure 12͑b͒ presents the theoretical spectrum for the valence electrons of fcc Li͑100͒ obtained using the KKR formalism. 43 These distributions exhibit a very similar anisotropy, as shown in Figs. 12͑c͒ and  12͑d͒ . The height of the peaks in the calculated anisotropy is 12% of the height of the calculated 2D-ACAR distribution without the core ͑see below͒, but the anisotropy of the experimental spectrum is much weaker ͑2%͒, which is reflected in a smoother 2D-ACAR spectrum. Also, the experimental distribution is more pointed than the computed one. One can estimate the fraction of annihilations with bulk fcc Li͑100͒ by looking at the difference in height of the peaks in the experimental and theoretical anisotropy. Figure 13 shows that ϳ21% of the remaining spectrum after subtracting the bulk MgO͑100͒ contribution ͑43%͒ can be attributed to annihilations with bulk fcc Li͑100͒. This brings the fraction of bulk fcc Li͑100͒ in the 4-keV spectrum to 12%. However, this percentage was determined by comparing the experimental and theoretical anisotropy and, moreover, the ab initio calculations were performed in the independent-particle model ͑IPM͒ approximation, e.g., without enhancement. Enhancement is known to affect the shape of the 2D-ACAR profile. 44 Furthermore, core annihilation, which contributes a broad background, is also not taken into account. Thus, the determined fraction of 12% from the 4-keV spectrum attributed to bulk fcc Li͑100͒ should be taken with reserve. However, this suggests that besides the bulk MgO͑100͒ and fcc Li͑100͒ contributions a significant part of the 4-keV spectrum is caused by annihilation processes that have not been taken into account.
van Huis et al. 15 show on the basis of calculations of the positron affinity of MgO and Li that a positron reaching the MgO/Li interface is confined in the Li nanocluster. Therefore, positron trapping at a pure MgO/Li interface is not likely to happen. Furthermore, according to Refs. 15 and 45, annihilation of Ps atoms in cavities is also not likely, since after annealing of the MgO samples at 950 K, the MgO vacancies responsible for the formation of cavities disappear. However, larger cavities can survive this temperature, but they are not observed by XTEM. 46 We present three possible causes that could explain the difference between the shapes of the calculated and experimental spectra.
͑a͒ Positron trapping in vacancies and vacancy clusters present in the Li nanoclusters. A possible reason for the narrowing of the 4-keV spectrum could be positron trapping in different kinds of Li vacancies present in the nanoclusters. At room temperature, which is at already about 2/3 of the bulk Li melting temperature (T m ϭ453.7 K), a considerable concentration of Li vacancies can be expected. It is known that annihilation of positrons in vacancy-type defects results in a sharper momentum distribution. The presence of vacancies is also suggested by the absence of the HMC in the experimental distributions ͑see Fig. 12͒ . Positronannihilation 2D-ACAR studies in aluminum 47, 48 show a large increase of the ACAR peak height with increasing temperature. Those studies show that at 613 K, i.e., about 2/3 of the FIG. 12 . ͑a͒ Experimental 2D-ACAR distribution after subtracting the bulk MgO͑100͒ contribution ͑43%͒; ͑b͒ theoretical spectrum of fcc Li͑100͒; ͑c͒ and ͑d͒ anisotropies of the distributions in ͑a͒ and ͑b͒. The distributions are normalized with respect to the total number of counts. melting temperature of Al (T m ϭ933.5 K), the ACAR distribution is sharper by ϳ20% in FWHM than the ACAR at 293 K because of annihilations of positrons trapped in thermally generated monovacancies and divacancies. Furthermore, the shape and linewidth narrowing ͑ϳ22% lower FWHM͒ obtained in the present study are comparable. Moreover, both in the present case and in that of vacancy related annihilation in Al it was found that the anisotropy of the ACAR spectra is weak. Therefore, based on these observations, one cannot exclude annihilation of positrons at Li vacancies in the nanoclusters in our case. It should, however, be noted that the binding energy of a positron in a Li monovacancy is too low to cause trapping. [49] [50] [51] Neither positron lifetime nor 1D-ACAR measurements in the alkali metals have indicated evidence of trapping by vacancies. 52, 53 Future investigations including measurements at low temperature to reduce the thermal generation of vacancies are necessary to accurately quantify the fraction of annihilations in Li vacancies and to identify the type of vacancies. At present, we do not have the means to perform depth-selective 2D-ACAR experiments at low temperature, but we plan to extend our facility in this direction.
͑b͒ Positron trapping in interface defects. Positron trapping in defects ͑e.g., vacancies or vacancy clusters͒ located at the MgO/Li interface could contribute to the 4-keV spectrum. These defects can be formed as a consequence of the relative thermal contraction of the Li nanoclusters with respect to the surrounding MgO matrix during cooling from 950 K to room temperature. 54 It is not exactly known how a positron behaves when it is trapped in such an interface defect. However, the wave function of the trapped positron would not significantly probe the bulk MgO since otherwise a larger contribution from MgO, would be found in the spectrum. Thus, positrons trapped in defects at the MgO/Li interface would rather carry the signature of defects and Li atoms at the periphery of the nanocluster than the signature of MgO. As a corollary of this, a small part of the observed fcc Li anisotropy may stem from positrons annihilating in interface defects.
͑c͒ Calculations. Since our calculations were performed in the IPM formalism and the core electrons were not taken into account, the theoretical 2D-ACAR distributions can be somewhat different from the experimental ones. The neglect of enhancement and core annihilation alone, however, cannot explain the considerable narrowing of the experimental distribution. A more serious limitation of the calculations is the approximation of the small nanoclusters by an infinite Li crystal, since the contribution of the interface energy of these nanoclusters is significant. Confinement of electrons and positron in small nanoclusters will also affect the width of the 2D-ACAR distribution.
VI. CONCLUSIONS
In this work, Li nanoclusters embedded in MgO͑100͒ and MgO͑110͒ single crystals by low-dose 6 Li ion implantation have been studied with a 2D-ACAR setup coupled to the high-intensity monoenergetic slow positron beam POSH. The anisotropic contribution of the 4-keV 2D-ACAR spectrum, corresponding to optimum implantation in the layer containing the Li nanoclusters, exhibits the same fourfold symmetry and mirror planes as the crystalline MgO host matrix. This proves that the Li nanoclusters are semicoherent with the MgO host matrix. The anisotropy of the measured 2D-ACAR distributions in our samples agrees well with ab initio calculations of the anisotropy for bulk fcc Li. A simple epitaxy of bcc nanoclusters is excluded, as is the more complicated orientation relationship found by Treilleux and Chassagne for large Li nanoclusters. In order to explain the narrowing of the experimental distributions with respect to those calculated, different scenarios have been proposed. The most likely are trapping of positrons at defects located at the MgO/fcc-Li interface. It has also been pointed out that the ab initio calculations have limitations, e.g., they were performed on perfect crystals of infinite size. Therefore, they should be extended to include small Li nanoclusters embedded in MgO.
